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ABSTRACT 


An  empirical  deformation  map  for  metallic  glasses  is  introduced 
and  the  two  modes  of  deformation,  homogeneous  and  inhomogeneous 
flow  are  reviewed.  The  microscopic  mechanism  for  steady  state 
inhomogeneous  flow  is  based  on  a dynamic  equilibrium  between  stress - 
driven  creation  and  diffusional  annihilation  of  structural  disorder.  The 
formalism  is  developed  using  the  free  volume  as  the  order  parameter. 
The  boundary  line  between  the  homogeneous  and  inhomogeneous  flow 
regions  on  the  deformation  map  is  calculated.  The  stress -strain 
relation  in  inhomogeneous  flow  approaches  ideally  plastic  behavior. 


1. 


INTRODUCTION:  AN  EMPIRICAL  DEFORMATION  MAP  FOR 


METALLIC  GLASSES 

The  deformation  map,  developed  by  Ashby  and  Frost  for  crystal- 
1-3 

line  systems  is  a convenient  means  of  surveying  the  various  modes 
of  plastic  deformation  of  a material.  To  construct  a map,  each  mode 
of  deformation  is  described  by  a steady  state  constitutive  flow  law: 

y = f(T,  T,  structure) 

where  y is  the  shear  strain  rate,  t the  shear  stress,  T the  temp- 
erature; "structure"  represents  all  the  relevant  structural  parameters 
of  the  material.  The  steady  state  condition  implies  that  the  structural 
parameters  are  uniquely  determined  by  the  external  parameters  stress 
and  temperature,  and  hence  remain  constant  during  the  course  of  the 
flow.  An  appropriate  superposition  of  the  flow  mechanisms  makes  it 
possible  to  draw  constant  y contours  on  a map  with  axes  t and  T 
(usually  normalized  by  the  shear  modulus  jx  and  the  melting  point  T^, 
respectively),  and  to  outline  regions  in  which  each  of  the  various 
mechanisms  is  dominant. 

Plotting  experimental  flow  data  y(r,T)  in  the  same  coordinate 
system  results  in  an  empirical  deformation  map.  A comparison  of  the 
calculated  and  empirical  maps  provides  a test  of  the  flow  equations. 

But  even  if  no  calculated  map  is  available  yet,  an  empirical  map  is 
useful  for  surveying  the  data  and  outlining  the  various  flow  mechanisms. 
Therefore,  the  available  flow  data  for  Pd-based  metallic  glasses  are 
presented  on  such  an  empirical  map  in  Fig.  1.  Ideally,  only  data 
obtained  from  samples  with  identical  composition  should  be  compared, 
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Empirical  deformation  map  for  Pd-based  metallic  glasses.  The 
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(T„)  and  the  c rystallization  tempe  rature  (Tc)  are  for  Pdo^Sipn 
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but  the  relative  paucity  of  the  data,  together  with  the  large  flexibility 

in  preparing  amorphous  metal  alloy  compositions  make  it  necessary  to 

group  the  data  together  according  to  their  major  constituent.  With  one 

exception,  all  the  alloys  represented  in  Fig.  1 contain  74-82  at  % Pd 

and  16.  5-20  at  % Si.  Their  structural  characteristics  (density,  radial 

distribution  function,  modulus,  . . . ) and  transformation  parameters 

(glass  transition  temperature  T , crystallization  temperature  T , 

g c 

heat  of  crystallization)  vary  within  acceptable  limits,  given  the  typical 

accuracy  of  mechanical  testing.  Since  all  the  data  were  obtained  in 

either  uniaxial  tension  or  compression,  the  stress  (or)  and  strain  rate 

(e ) are  plotted  as  such  and  have  not  been  converted  to  the  equivalent 

shear  quantities.  Where  possible,  some  approximate  constant  strain 

rate  contours  have  been  drawn  in.  The  flow  stresses  obtained  from 

creep  tests,  ’ compression  tests , ’ ’ and  ultimate  tensile  strength 

measurements  (the  three  highest  temperature  points  in  Masumoto  and 

5 

Maddin's  tensile  tests  ) are  probably  close  to  the  steady  state  values. 

5-8  12 

In  the  other  tensile  tests,  ’ however,  fracture  intervenes  before 
steady  state  is  reached.  In  these  cases,  the  fracture  stress  has  been 
plotted,  since  it  comes  closest  to  the  steady  state  value.  Above  T 

l 

(the  liquidus  temperature  of  the  crystalline  material  with  the  same 
composition--not  shown  in  Fig.  1)  flow  is  measured  by  viscometric 
methods.  No  measurements  of  this  type  have  been  reported  for  Pd- 
based  glasses,  but  experience  from  other  liquid  metal  alloys  shows 

that  the  viscosity  in  this  temperature  regime  is  usually  around 

-3  -2 

10  Nm  sec. 


Based  on  this  empirical  information,  it  is  now  possible  to  show 
an  approximate  picture  of  what  a calculated  map  should  look  like.  Such 
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a 

a schematic  map,  with  stress  and  temperature  axes  extended  further 

than  in  Fig.  1,  is  shown  in  Fig.  2.  The  temperature  region  between 

T and  T is  unaccessible  for  mechanical  measurements  because 
c l 

crystallization  intervenes,  but  it  is  possible  to  make  a reasonable 
extrapolation  of  the  strain  rate  contours  through  this  region. 


2.  THE  FLOW  MECHANISMS 

Inspection  of  the  samples  and  fracture  surfaces  after  testing  shows 
that  there  are  two  basic  modes  of  deformation:  homogeneous  flow,  where 
each  volume  element  of  the  specimen  contributes  to  the  strain,  and 
inhomogeneous  flow,  where  the  strain  is  localized  in  a few  very  thin 
shear  bands. 

a.  Homogeneous  Flow 

As  indicated  on  Fig.  2,  this  mode  of  deformation  occurs  at  low 
stresses  and  high  temperatures.  In  this  regime,  the  flow  is  close  to 
Newtonian  viscous  (i.  e.  , y <x  r),  as  is  clear  from  the  spacing  of  the 
strain  rate  contours  on  the  map.  In  uniaxial  tension,  a specimen  thins 
down  uniformly  during  deformation.  Fracture  occurs  after  extensive 
plastic  flow,  when  some  section  of  the  specimen  has  narrowed  down  to 
zero  thickness.  For  convenience,  the  region  of  homogeneous  deforma- 
tion can  be  subdivided,  admittedly  somewhat  arbitrarily,  in  three  parts, 
depending  on  the  viscosity  of  the  material. 

- 3 -2 

(i)  for  T > T , the  material  has  a viscosity  r\  » 10  Nm  sec.  , 

and  can  be  characterized  as  "fluid".  Flow  measurements  must 
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be  performed  by  viscometric  methods.  Since  the  viscosity 

14 

changes  only  slowly  with  temperature,  the  strain  rate 
contours  in  this  regime  are  almost  horizontal. 

(ii)  for  T as  T , the  material  has,  by  definition  of  T , a 

8 § 

viscosity  between  10  and  10  Nm  sec.  , and  could  be 

called  "viscous ".  In  this  regime,  the  viscosity,  which  is 

measured  in  a creep  test,  falls  very  steeply  with  increasing 
4 15 

temperature.  ’ Consequently,  the  strain  rate  contours  are 

almost  vertical  around  T . 

g 

15  -2 

(iii)  for  T < T , the  material  has  a viscosity  r\  > 10  Nm 

and  can  be  called  "solid".  From  the  limited  number  of  creep 

7 16 

tests  available  in  this  regime,  ’ it  seems  that  the  viscosity 
does  not  change  rapidly  with  temperature,  which  is  reflected 
on  the  map  by  the  strain  rate  contours  becoming  more  horizon- 
tal. However,  conclusions  about  flow  in  this  region  must  be 
regarded  with  caution  because  of  the  limited  number  of  experi- 
ments available,  and  the  largely  unstudied  influence  of  the 
thermal  and  mechanical  history  of  the  material  on  the  properties 
Some  careful  investigations  of  these  effects  are  necessary. 

b.  Inhomogeneous  Flow 

This  mode  of  deformation  occurs  at  high  stress  levels  (see  Fig. 
In  this  regime,  the  stress  is  very  strain  rate  insensitive  (or,  in  other 
words:  the  stress  exponent  n = d log  y/5  log  r is  very  large),  so 
that  the  flow  is  almost  ideally  plastic.  The  flow  stress  for  a given 
strain  rate,  when  normalized  by  the  temperature  dependent  shear 


1 


sec.  , 


2). 


! 


modulus  (i.  e.  , r/p),  is  almost  constant  with  temperature,  except  at 

low  temperatures  and  near  T . On  the  deformation  map,  this  results 

s 

in  very  closely  spaced,  almost  horizontal  strain  rate  contours. 

In  inhomogeneous  flow  the  strain  is  localized  in  a few  very  thin 

shear  bands.  In  ribbons  pulled  in  tension  these  shear  bands  are  planes, 

usually  perpendicular  to  the  thin  side  of  the  ribbon  and  at  a 45°  angle 

5 6 17 

with  the  tensile  axis.  ’ ’ Slip  on  these  planes  can  be  very  extensive. 

This  weakens  the  specimen  locally  by  decreasing  the  cross  section, 

until  finally  fracture  occurs  along  the  planes  of  those  shear  bands.  ^ 

£>  12  18 

The  fracture  surface  exhibits  a typical  vein-like  pattern,  ’ ’ which 

indicates  that  the  mechanism  of  fracture  is  the  Taylor  instability.  ^ 

The  basic  physical  process  underlying  this  inhomogeneous  flow 
phenomenon  is  a local  softening  of  the  material.  This  becomes  clear 
from  a number  of  observations. 

(i)  localization  of  the  flow  in  shear  bands  requires  that  there 
is  some  structural  change  of  the  material  inside  the  bands, 

such  that  they  deform  much  faster  there  than  in  the  rest  of 

..  ■ 20 
the  specimen. 


(ii)  fracture  in  a tensile  specimen  occurs,  as  indicated  above, 
along  the  plane  of  a shear  band,  which  makes  a 45°  angle  with 
the  tensile  axis.  Ordinarily,  one  would  expect  fracture  to 
occur  along  the  plane  of  maximum  normal  stress,  i.  e.  , normal 
to  the  tensile  axis.  This  means  that  if  fracture  occurs  along 
a shear  plane  with  a smaller  resolved  normal  stress,  the 
material  along  this  plane  must  have  been  weakened  by  some 
shear-related  structural  change. 


-8- 


(ill)  the  vein  pattern  on  the  fracture  surface  is  very  similar 

to  that  obtained  by  the  pulling  apart  of  two  solid  surfaces 

8 21  22 

containing  a thin  viscous  layer  between  them.  ’ ’ This 

observation  is  consistent  with  (ii):  the  shear  band  consists 

of  a layer  of  material  with  a viscosity  lower  than  that  of  the 
rest  of  the  specimen,  which  weakens  the  plane  against  fracture 
by  the  Taylor  instability  mechanism. 

2 3 24 

(iv)  differential  etching  of  the  shear  bands  after  deformation  ’ 
indicates  that  there  are  chemical  changes  associated  with  flow. 
This  is  to  be  expected  if  the  shear-induced  structural  changes 
do  not  completely  relax  out  after  removal  of  the  load. 


3.  THE  GENERAL  FLOW  EQUATION 


The  microscopic  mechanism  which  governs  both  homogeneous 
and  inhomogeneous  flow  is  illustrated  by  Fig.  3.  It  is  assumed  that 
macroscopic  flow  occurs  as  a result  of  a number  of  individual  atomic 
jumps.  In  order  for  an  atom  to  jump,  it  must  have  a nearest  neighbor 
environment  as  shown  in  Fig.  3,  i.  e.  , next  to  it  there  must  be  a hole 
large  enough  to  accomodate  its  (appropriate  hard-sphere  equivalent) 
atomic  volume  v*.  It  is  reasonable  to  assume  that  the  atomic  positions 
before  and  after  the  jump  are  positions  of  relative  stability,  i.  e.  , local 
free  energy  minima.  In  order  to  make  the  atom  jump,  some  activation 
energy  of  motion  AGm  must  be  supplied.  If  no  external  force  is 
present,  this  is  obtained  from  thermal  fluctuations;  the  number  of 
jumps  across  the  activation  barrier  is  the  same  in  both  directions; 
this  is  the  basic  microscopic  mechanism  for  diffusion.  When  an 
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external  force,  e.g.  , a shear  stress,  is  applied,  the  atomic  jumps 
are  biased  in  the  direction  of  the  force;  the  number  of  forward  jumps 
across  the  activation  barrier  is  larger  than  the  number  of  backward 
jumps;  this  results  in  a net  forward  flux  of  atoms  and  forms  the  basic 
mechanism  for  flow.  Quantitatively,  this  can  be  expressed  as  follows. 

When  all  the  atoms  in  a specimen,  deformed  in  shear,  make  one  jump 
each  of  length  X (*<  1 atomic  diameter)  in  the  direction  of  the  shear, 
this  would  result  in  a macroscopic  shear  strain  y 1.  If  only  a 
fraction  of  the  atoms  jump,  the  shear  strain  rate  is:  y = fraction  of 

atoms  that  make  forward  jumps /second.  Since  only  a fraction  of  the 
total  number  of  atoms  in  the  sample  are  potential  jump  sites,  i.  e.  , 
have  a large  enough  hole  next  to  them  as  in  Fig.  3,  this  can  be  written 
as 

y = (fraction  of  potential  jump  sites)  x (net  number  of  forward  jumps  on 

each  of  those  sites  per  second) 

(1) 

The  fraction  of  potential  jump  sites  is  calculated  in  the  free  volume 

25-27 

theory  of  Turnbull  and  Cohen.  The  free  volume  of  an  atom  is, 

intuitively,  that  part  of  its  nearest  neighbor  cage  in  which  the  atom 

can  move  around  without  an  energy  change.  In  an  amorphous  system, 

the  free  volume  is  distributed  statistically  among  all  atoms.  In  Cohen  jl 

25 

and  Turnbull's  theory  the  probability  p(v)  dv  of  finding  an  atom  ] 

with  a free  volume  between  v and  v + dv  is  calculated  to  be: 


-11- 
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where  "y  is  a geometrical  factor  between  1 and  1/2,  and  v^  is  the 
average  free  volume  of  an  atom. 

In  order  for  an  atom  to  be  on  a potential  jump  site,  its  free  volume 
must  be  larger  than  v*.  the  effective  hard-sphere  size  of  the  atom. 
Therefore,  the  total  probability  that  an  atom  is  on  a potential  jump 
site  is: 


05 


It  is  also  necessary  to  include  a factor  Af,  the  fraction  of  the  sample 
volume  in  which  potential  jump  sites  can  be  found.  For  example,  in 
homogeneous  flow,  where  the  total  volume  contributes  to  flow,  Af  = 1; 
in  inhomogeneous  flow,  where  everything  happens  in  a few  very  thin 
bands,  Af « 1.  Therefore, 

fraction  of  potential  jump  sites  = Af  exp  ( - yv*/ v^)  (3) 

The  net  number  of  forward  jumps  per  second  on  a potential  jump  site 
is  obtained  from  simple  rate  theory  (see  Fig.  3).  The  shear  stress  t 
exerts  a force  Ta  on  an  atom,  where  a is  the  projected  area  of  the 
atom  onto  the  plane  of  shear.  When  this  atom  makes  a jump  of  length  \ , 
the  work  done  is  Ta  X . Since  X is  roughly  equal  to  an  atomic 
diameter,  the  work  done  is  rfl  where  is  the  atomic  volume.  The 
free  energy  of  the  atom  after  the  jump  is  therefore  decreased  by 
AG  = Tf2.  The  net  number  of  forward  jumps  per  second  can  now  be 
calculated  as  the  difference  between  a forward  flux  over  an  activation 
barrier  AGm  - AG/2  and  a backward  flux  over  an  activation  barrier 
AGm  + AG/2.  Assuming  an  equal  distribution  of  atoms  over  the  two 
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equilibrium  positions  gives: 


net  number  of  forward  jumps  per  second  per  potential  jump  site 

I AGm-Tn/2\  _/  AGm+TfJ/2\ 

- “ expj-  kT ) ' 6XP\-  kT ) (4> 

where  u is  the  frequency  of  atomic  vibration  (~  Debye  frequency). 
Substituting  (3)  and  (4)  into  (1)  gives: 


■y  = Af  exp 


(-  ^ ) 2u  sinh  exp  (-  ) 


(5) 


This  is  the  general  flow  equation.  In  the  case  of  homogeneous  deforma- 
tion (Af  = 1)  at  low  stress  levels  (tD  <c  2kT),  this  leads  to  Newton- 
ian viscous  behavior  (2  sinh  (Tf2/2kT ) & Tf2/kT),  and  an  expression 
for  the  viscosity  can  be  derived: 


The  diffusion  coefficient  in  a three  dimensional  random  walk 

1 2 

process  is  defined  as  D = ^ T X where  r and  \ are  the  jump 
frequency  and  distance,  respectively.  An  analysis,  similar  to  that 
of  the  flow  problem  gives: 


p = (probability  that  an  atom  is  on  a potential  jump  site) 

X (number  of  jumps  an  atom  on  this  site  makes  per  second) 


or: 


This  gives  for  the  diffusion  coefficient: 


D = {u  eXp(-^Jexp(-^)x2  (8) 

It  is  worth  noting  that  combining  Equations  ;6)  and  (8)  gives 

^ _ kT 

Dt1  ~ 2~ 

6(0/ X'  > 

which  is,  save  for  a numerical  factor  of  order  1,  the  Stokes -Einstein 
equation. 


4.  THE  SOFTENING  MECHANISM  IN  INHOMOGENEOUS  FLOW 

As  has  been  discussed  in  Section  2b,  during  inhomogeneous  flow, 
the  material  in  the  shear  bands  undergoes  some  structural  change  that 

leads  to  a local  lowering  of  the  viscosity. 

14 

Polk  and  Turnbull  have  proposed  that  this  structural  change  is 
the  net  result  of  two  competing  processes:  a shear-induced  disordering 
and  a diffusion  controlled  reordering  process.  This  concept  will  be 
extended  here,  by  deriving  a formal  expression  for  the  dynamic  steady 
state  equilibrium  between  the  two  processes.  The  free  volume  will  be 
chosen  as  the  order  parameter,  since  it  makes  the  problem  mathemati- 
cally tractable.  It  should  be  kept  in  mind,  however,  that  to  the  extent 
that  the  free  volume  is  equivalent  to  other  possible  order  parameters 
(compositional,  entropic,  . . . ),  the  result  should  be  quite  generally  valid. 

In  the  free  volume  formulation  of  the  flow  Equation  (5),  the 
structural  parameter  which  governs  the  viscosity  is  the  average  free 
volume  v,.  Therefore,  if  there  is  to  be  a lowering  of  the  viscosity  in 
the  shear  bands,  there  must  be  an  increase  of  the  free  volume. 
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It  is  proposed  that,  at  high  stress  levels,  free  volume  can  be 
created  by  the  mechanism  shown  on  Fig.  4.  At  a sufficiently  high 
stress,  an  atom  with  hard-sphere  volume  v*  can  be  squeezed  into  a 
neighboring  hole  with  a smaller  volume  v.  This  makes  the  neighbors 
of  the  new  position  move  out,  and  creates  a certain  amount  of  free 
volume. 

Competing  with  this  is  a relaxation  process,  which  tends  to 
annihilate  the  extra  free  volume  created  and  restore  the  system  to  its 
initial  structural  state.  The  structural  rearrangements  necessary  to 
annihilate  free  volume  consist  of  a series  of  diffusional  jumps. 

In  steady  state  a dynamic  equilibrium  is  reached  between  the  two 
competing  processes:  an  equal  amount  of  free  volume  is  created  by  the 
stres s -driven  process,  as  is  annihilated  by  the  diffusional  process. 


a.  Creation  of  F ree  Volume 


The  energy  necessary  to  squeeze  an  atom  with  volume  v*  into  a 

smaller  hole  of  volume  v (see  Fig.  4)  can  be  approximated  by  the 

elastic  distortion  energy  required  to  squeeze  a sphere  with  volume  v* 

into  a spherical  hole  with  volume  v in  a matrix  of  the  same  material. 

28 

This  has  been  calculated  by  Eshelby: 


AG 


e 


s (v*  - v)Z 

V 


with 


S 


2 1 + u 

3 ^ 1-u 


If  an  atom  makes  the  jump  over  the  activation  barrier  in  the  direction 
of  shear,  its  free  energy  is  decreased  by  the  driving  term  Tfi  (see 


Distance 


Illustration  of  the  creation  of  free  volume,  by  squeezing  an 
atom  of  volume  v*  into  a neighboring  hole  of  smaller  volume 


Figure  4 
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Section  3),  but  it  is  also  increased  by  the  elastic  distortion  energy 
0 

AG  . The  driving  free  energy  for  creation  of  free  volume  is  therefore: 


AG 


Tfi  - S 


(v*  - v)^ 
v 


The  volume  v of  the  smallest  hole  that  an  atom  can  still  be  squeezed 
m 

into  by  a given  stress  is  determined  by  AG  = 0,  or: 


(v*  - v 

m 


v 

m 


(7) 


If  t « S,  this  gives: 

v v*(  1 - n/t/S  ) 

m 

The  amount  of  free  volume  created  per  second,  A+v^,  can  now  be 
calculated  from  simple  rate  theory. 

Consider  the  amount  of  free  volume  created  per  second  associated 
with  the  squeezing  open  of  holes  with  a volume  between  v and  v+  dv. 

d(A+  Vj.)  = (number  of  potential  sites)  x (net  number  of  forward  jumps  on 

each  of  those  sites  per  second) 

X (amount  of  free  volume  created 
per  jump) 


The  number  of  potential  sites  is  equal  to  the  total  number  of  atoms  (N) 
multiplied  by  the  probability  that  they  have  a neighboring  hole  with  volume 
between  v and  v+  dv.  This  factor  is  obtained  from  the  free  volume 
theory  (see  Equation  (2)). 

So 


number  of  potential  sites 


(9) 
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The  net  number  of  forward  jumps  is  calculated  as  the  difference  between 
a forward  and  a backward  flux,  analogously  to  Equation  (4),  but  with  a 
different  AG  = t£2  - AGe.  So: 


net  number  of  forward  jumps  per  potential  site  per  second 


\ / AGm  - rfl/ 

U[exp( FT 


(10) 


Q/2  + AGe/2 


j - exp  - 


Gm  + rfl/2  - AG e/2 
kT 


The  amount  of  free  volume  created  per  jump  is  simply  the  difference 

28 

between  the  volume  of  the  atom  and  the  volume  of  the  hole: 


v*  - v . (11) 

The  total  amount  of  free  volume  created  per  second  is  obtained  by 
integrating  all  the  elementary  contributions  d(A+vf)  over  all  the  hole 
sizes  v,  from  vm  (the  minimum  that  can  be  squeezed  open)  to  v* 
(above  which  no  free  volume  is  created).  This,  combined  with  Equa- 
tions (9),  (10),  and  (11)  gives: 

A+vf  = j d(A+vf) 
v 

m 


m 


£2/2  + S(v*-v)  /Zv 


kT 


exp 


(- 


AGm  + t£2/2  -S(v*-v)2/2v 
kT 


(v*-v) dv 


To  simplify  the  integration,  the  following  assumption  is  made: 


T « S and 


v as  V* 


r f»t 

L/ahtd'mJk^r- 


This  gives: 


vf  = Nu  exp(-^CT-)^- exp  ('  ) |exp(i^r) 


+ exp 


v*kT  [,  l S(v*-vm) 

s 1 - exp  j-  2kTv* 


/ r n_\ 

v*kT 

\ zkT) 

S 

2kT  v* 


In  view  of  Equation  (7),  which  defines  v , this  reduces  to  the  final 

m 


result: 


/f  = ^ 2kT  |cosh(lg_j  . i Nu  exp(-^)  6xp(-^)  (l2) 


b.  Annihilation  of  F ree  Volume 

The  structural  rear rangemetns , required  for  annihilation  of  extra 
free  volume,  consist  of  a series  of  diffusive  jumps.  Let  n^  be  the 
number  of  diffusive  jumps  necessary  to  annihilate  a free  volume  equal 
to  v*.  It  is  expected  that  n^  should  be  a small  number,  between  1 
and  10, 

This  expectation  is  made  plausible  by  the  observation  of  a two- 

29 

dimens ijnal  amorphous  dynamic  hard-sphere  model.  In  two  dimen- 
sions, an  amorphous  state  of  high  density  can  only  be  obtained  by  using 


r~ 


different  size  spheres.  In  contrast  with  a crystalline  system,  where  a 
vacancy  is  a stable  entity  after  many  diffusive  jumps,  in  an  amorphous 
system  an  artificially  created  "vacancy"  is  annihilated  after  a small 
number  of  diffusive  jumps. 

Another  useful  analogy  that  can  be  made  comes  from  Nabarro- 
Herring  creep  in  crystals.  (This  analogy  must  obviously  be  used  with 
caution,  since  amorphous  systems  are  topologically  quite  different  from 
an  assembly  of  microcrystals.  ) In  N.  -H.  creep,  vacancies  travel  a 
distance  on  the  order  of  the  grain  diameter,  and  are  annihilated  at  the 
grain  boundaries.  In  an  amorphous  system  something  similar  can  be 
imagined,  but  with  a very  small  equivalent  grain  size.  In  crystalline 
systems,  vacancies  can  annihilate  at  the  grain  boundaries  because  there 
the  structural  requirement  of  crystalline  translational  symmetry  is 
relaxed.  In  an  amorphous  system,  this  requirement  does  not  exist  at 
all,  and  hence  it  is  expected  that  "vacancies"  or  "extra  free  volume" 
can  be  annihilated  in  just  a few  diffusional  jumps. 

The  amount  of  free  volume  annihilated  per  second  is 

A vf  = (free  volume  annihilated  per  jump)  x (number  of  jumps  per  second) 

The  amount  of  free  volume  annihilated  per  jump  is,  given  the  above 
definitions,  v*/n^.  The  number  of  jumps  is  NT,  where  the  jump 
frequency  f is  given  by  Equation  (7).  Therefore, 


i'vr  = ^ Nu  e*p(- 


; 

' 


! 

i 

; 

i 

I 


i 

.1 

* 
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c.  Steady  State 

In  steady  state,  the  amount  of  free  volume  created  is  equal  to  the 
amount  of  free  volume  annihilated: 


+ - 
A Vj  - A Vj 

Or,  from  Equations  (12:)  and  (13): 


yv*  2kT 


cosh 


(zkT) 


(14) 


Before  the  sample  is  loaded,  the  average  free  volume  v^  is  set  by  the 
structure  of  the  quenched  metallic  glass.  At  low  stresses,  the  left  hand 
term  in  (14)  is  smaller  than  v*/n^,  i.  e,  , the  extra  free  volume  created 
by  the  stress  can  easily  be  annihilated  by  the  diffusion,  and  the  average 
free  volume  stays  at  the  initial  value  v^.  As  soon  as  T exceeds  the 
value  for  which  (14)  is  obeyed,  however,  more  free  volume  is  being 
created  than  can  be  annihilated  by  diffusion;  hence  v^  will  keep  on 
increasing  until  condition  (14)  is  obeyed  again.  Or,  in  other  words: 
the  free  volume  v^  is  set  by  the  stress  t. 

Formally,  this  can  be  seen  by  rewriting  Equation  (14): 


When  this  explicit  expression  for  yv*/v£  is  substituted  in  the  term 
exp(-  yv^/vj)  of  the  general  flow  Equation  (5),  a flow  equation  for 
inhomogeneous  flow  is  obtained. 


! 


DISCUSSION 


The  only  unknown  parameter  in  the  flow  equations  which  prevents 
us  from  constructing  a complete  calculated  deformation  map  is  AGm 
However,  if  it  is  assumed  that  AGm,  which  may  be  a function  of  T 
and  t , is  the  same  for  both  homogeneous  and  inhomogeneous  flow, 
it  becomes  possible  to  calculate  the  boundary  between  the  regions  in 
which  each  of  the  mechanisn  s dominates.  The  boundary  between  the 
two  mechanism  regions  on  the  deformation  map  is  a line  r(T),  where 


homogeneous 


inhomogeneous 


The  only  factors  in  the  general  flow  Equation  (5)  that  are  different  from 


one  mechanism  to  the  other  are  Af  and 


So  condition 


Since  the  free  volume  vf  is  a structural  parameter,  and  since  all  the 
data  in  the  vicinity  of  the  mechanism  boundary  are  obtained  at  tempera- 
tures far  enough  below  T where  the  configuration  can  be  considered 


frozen,  (yv*/v^)^  is  a constant  in  the  equation  of  the  boundary  line. 
Using  Equation  (15),  which  determines  (v*/v,).,  Equation  (17)  can 


be  rewritten  as 


Af^  J v*/r2 


v 


a - 


(18)  is  the  equation  of  the  mechanism  boundary  line  on  the  deformation 
map.  It  contains  only  one  adjustable  parameter:  a.  The  other  quantities 
are  known  from  experiment. 

The  temperature  dependent  shear  modulus  is: 

“<T>  = & (T-  300»)  • 

where  ^ is  the  shear  modulus  at  300  K.  The  values  used  here  are 
for  Pd77<5Cu6Si16  5: 

= 3.  29  x 1010Nm  2 (from  Chen  et  al.  3°) 

and 

— ^ = 2.  6 x 104  K- 1 (from  Chen31)  . 

fi0  dT 

32 

The  atomic  volume  is  calculated  from  the  density  measurements  on 

Pdor  cSi.,  c = 1.46x  10  2^m3.  The  quantity  S = % a ( 1 + u / 1-u) 

85.  5 i b.  5 5 

is  calculated  using  a Poisson's  ration  u = 0.  4,  which  is  typical  for 
metallic  glasses.  ^ 

Figure  5 is  an  enlarged  portion  of  the  empirical  deformation  map 

of  Fig.  1,  showing  the  boundary  between  the  regions  of  homogeneous 

and  inhomogeneous  flow.  The  creep  data  at  the  bottom  of  the  diagram 

7 

(Maddin  and  Masumoto,  open  squares)  are  obviously  all  in  the  homo- 
geneous deformation  region.  The  transition  between  inhomogeneous 

and  homogeneous  flow,  however,  shows  up  in  Masumoto  and  Maddin's 
5 

tensile  data  (open  circles).  The  three  data  points  at  the  highest 


temperature  (533  - 583  K)  are  ultimate  tensile  strengths  obtained  from 


stress-strain  curves  which  show  very  extensive  plastic  deformation 


(several  percent)  before  fracture.  Therefore,  these  points  belong  in 


the  region  of  homogeneous  flow.  The  parameter  a in  Equation  (13) 


can  now  be  adjusted  such  that  the  resulting  boundary  line  passes  between 


It  remains  to  be  shown  now  that  this  is  a physically  realistic 


number.  Therefore,  the  quantities  in  (19),  the  defining  relation  for  a 


must  be  investigated 


As  discussed  in  Section  3,  for  homogeneous  flow  Af  = 1.  For 


inhomogeneous  flow  Af  is  determined  by  the  thickness  of  the  softened 


layer  in  the  shear  band.  Since  no  direct  measurements  on  this  are 


available,  the  thickness 


from 


of  the  little  "tributaries"  in  the  fracture  surface 


A layer  thickness  of  500  A seems  to  be  a reasonable 


estimate.  If  the  sample  length  is  5 cm.  and  there  are  only  a few  shear 


bands,  Af.  = 10 


This  is,  of  course,  only  an  estimate,  but,  fortun 


ately,  the  equation  is  quite  insensitive  to  the  exact  value  of  Af 


Chen  and  Goldstein  have  measured 


for  homogeneous  flow  in  the  region  T as  T 


As  mentioned  above,  in  the  region  under  consideration  here  vf  is 


considered  constant,  due  to  configurational  freezing  at  some  tempera 


ture  around  T . For  T = 600 


is  10  Nm  sec;  below  this  the  system  will  be  considered  configur 
ationally  froze  n.  The  appropriate  quantity  to  be  used  in  Equation  (19) 


INHOMOGENEOUS  FLOW 


HOMOGENEOUS 


500  T(K)  600 


Enlarged  portion  of  the  empirical  deformation  map  for  Pd-based 
metallic  glasses.  The  equivalent  shear  stress  (t)  and  shear 
strain  (y)  have  been  calculated  from  the  uniaxial  values  by  the 
von  Mises  criterion  (r  = g/  3 ; y = 3 ( ).  The  strain  rate 

contours  connect  data  points  from  the  same  reference.  The  shear 
modulus  is  from  Refs.  30  and  31.  The  heavy  line  is  the  boundary 
between  regions  of  homogeneous  and  inhomogeneous  is  calculated 
from  Eq.  ( 18). 


Figure  5. 


ui>  r.r: 


is  therefore: 


37.  4 


/ -yv*  \ _ 3180 

Vvf  /h  ‘ 600-515 

Substituting  the  values  for  or,  A f , Af.,  and  (yv*/v  ) in  (19) 

hi  fh 

leaves 


v*/n 

nD 


0.  26 


This  is  a physically  reasonable  result.  The  equivalent  hard-sphere 
volume  of  a late  transition  metal  as  Pd  probably  takes  up  a large 
fraction  of  the  atomic  volume,  say,  v*/U  » . 8.  This  leaves  nD  «=,  3, 
which  is  consistent  with  the  physical  considerations  of  Section  4b,  where 
it  was  argued  that  the  number  of  diffusional  jumps  necessary  to  annihilate 
a free  volume  equal  to  v*  should  be  somewhere  between  1 and  10. 

It  may  be  worth  noting  that  the  mechanism  boundary  on  the  deforma- 
tion map  has  a positive  slope,  i.  e.  , with  increasing  temperature  it  is 
necessary  to  go  to  higher  stresses  to  get  inhomogeneous  flow.  Physically, 
this  is  not  unexpected,  since  the  diffusional  relaxation  process  becomes 
relatively  more  important  at  high  temperatures. 

At  this  stage,  the  stress  exponent  n = d log  y/d  log  t for  the 
two  flow  modes  can  also  be  calculated,  if  it  is  assumed  that  AGm  is 
independent  of  r.  The  results  of  this  calculation  are  shown  in  Fig.  6. 

The  stress  exponent  for  homogeneous  flow  is  n«  1,  as  it  should  be 
for  Newtonian  viscous  flow.  For  inhomogeneous  flow  n«  50,  which 
indicates  that  it  approaches  ideally  plastic  behavior. 

Finally,  it  should  be  emphasized  that  the  present  mechanism 
involves  monatomic  systems,  and  does  not  explicitly  include  any  chemi- 
cal effects.  However,  chemical  ordering  is  reflected  partially  in  the 


10  log  T(N/m2) 


Stress -strain  rate  dependence  of  homogeneous  and 
inhomogeneous  flow,  calculated  from  the  theoretical 
models . 


Figure  6.  ✓ 
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free  volume  formulation,  for  example,  if  an  efficient  packing  of  atoms 
of  different  size  (as  Pd  and  Si)  requires  a non-random  chemical 
environment  for  the  two  atoms.  In  this  case,  creation  of  free  volume 
is  equivalent  to  creation  of  chemical  disorder.  On  the  other  hand,  there 
are  probably  some  specific  chemical  effects,  as  the  metal -metalloid 
bonding,  which  should  be  included  in  AGm.  The  differences  in  strength 
found  by  changing  the  metalloid  components  in  a metallic  glass  are 
probably  of  this  nature.  However,  it  is  also  possible  that  an  increased 
diffusivity  of  one  type  of  metalloid  to  the  other  might  lead  to  an  increased 
diffus ional  relaxation,  and  hence  a higher  strength.  For  example,  the 
exceptionally  high  strength  of  Fe^.  B glass  might  concei vably  be 
caused  by  the  higher  diffusivity  of  the  small  B-atom. 
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